Die Discussion Papers dienen einer möglichst schnellen Verbreitung von neueren Forschungsarbeiten des ZEW. Die Beiträge liegen in alleiniger Verantwortung der Autoren und stellen nicht notwendigerweise die Meinung des ZEW dar.
INTRODUCTION
In 1987, the report of the World Commission on Environment and Development (WCED or Brundtland Commission) defined Sustainable Development (hereafter: SD) as "development, which meets the needs of the present without compromising the ability of future generations to meet their own needs" (WCED, 1987) . In June 1992, the Rio Earth Summit concluded that "the right to development must be fulfilled so as to equitably meet developmental and environmental needs of present and future generations" (UNCED, 1992a, Principle 3) . SD has meanwhile become one of the most prominent catchwords on the world's policy agenda. Nearly all governments and multinational firms have committed themselves to the overall concept of SD.
The ubiquity of SD as a yardstick for human activities is reflected in the growing importance of Sustainability Impact Assessment (hereafter: SIA) of governmental policies. Initially, the assessment of SD impacts concentrated on trade policy reforms (see, e.g., Kirkpatrick and Lee, 1999 , for the SIA of WTO's Millennium Round proposal). More recently, SIA has been extended to other policy areas. Taking a lead role, the European Union (EU) meanwhile requires "careful assessment of the full effects of [any larger] policy proposal ... [that] ... must include estimates of its economic, environmental and societal inputs inside and outside the EU" (EC, 2001) . The argument behind is that SIA can improve the SD coherence of policy initiatives across various areas by identifying spillovers and inter-linkages.
However, SD, which is not just about environment, but also about economy and society, has proven hard to define and rather susceptible for ambiguities. One reason for this is that SD explicitly incorporates an (normative) equity dimension, which is "so hopelessly subjective that it cannot be analyzed scientifically" (Young, 1994) . Another reason is that the scope of the concept seems prohibitively comprehensive and therefore complex to make it operational in concrete practice.
Acknowledging the huge inherent difficulties to come up with pragmatic approaches to the concept of SD and the need for SIA, the scientific community has focused in a first step on the identification of appropriate indicators. These efforts included the development of qualitative tools (e.g. electronic checklists such as IA STAR , see http://iaplus.jrc.es) that can provide useful orientation for policy decision makers. Yet, qualitative approaches are unable to commensurate different impacts. This constitutes a major shortcoming, since the three dimensions of SD, i.e.
environmental quality, economic performance (gross efficiency) and equity concerns are inherently intertwined and subject to trade-offs. Accomplishing one objective frequently means backpedaling on another. Therefore, research activities on SIA increasingly aim at developing quantitative tools for trade-off-analysis along the SD dimensions. Since economics is the study of trade-offs, there is plenty for economists to contribute in order to make the concept of SD operational. One important contribution of (environmental) economics over the last decade has been the thorough assessment of external costs, in particular for energy transformation and transport activities, as a prerequisite towards "getting the prices right" (see, e.g., EC, 1999; Friedrich and Bickel, 2001) . Given external cost estimates, two aspects of SD, namely economic performance (gross efficiency) and environmental quality, can be merged to a comprehensive net efficiency dimension. Furthermore, while economics has little to say on equity per se, the sound economic quantification of distributional effects for different agents and trade-offs between equity and efficiency objectives is a prerequisite for any rational policy debate.
The quantification of trade-offs calls for the use of numerical model techniques in order to assess systematically and rigorously the interference of the many forces that interact in the economy thereby affecting potential SD indicators. Compared to (stylized) analytical models, the numerical approach facilitates the analysis of complex (non-linear) system interactions and the impact assessment of structural policy changes. In the end, the decisions how to resolve potential trade-offs must be taken on the basis of societal values and political decisions. However, modelbased analysis puts decision making on an informed basis concerning sustainable development rather than on fuzzy or contradictory hunches.
A major challenge in building quantitative SIA tools is the policy makers' demand for comprehensive coverage of potentially important policy impacts. SIA tools must identify "the chain of significant cause-effect links from the … [policy] measures … through to any sustainability impact" and produce "comparable indicators of the magnitude and dimensions of each sustainability impact" (EC, 2003a) as an input into policy formulation and implementation.
Obviously, quantitative SIA does not only require an adequate reduction of complex real-world relationships but -as a pre-requisite -the translation of potentially vague policy proposals into a concrete policy impetus that can be "processed" within an analytical model.
There is a wide range of quantitative models for assessing the causal chains between a proposed policy change and its potential economic, environmental and social impacts. Models mainly differ with respect to the emphasis placed on (i) sectoral details versus economy-wide scope, (ii) econometric foundation of functional relationships, and (iii) the richness of behavioral assumptions for economic agents. Referring to criterion (i), there is a widespread distinction between bottom-up sector-level models and top-down macroeconomic models. Referring to criterion (ii), models can be classified as either econometrically estimated when driving equations are based on econometric techniques using mostly time-series data or as calibrated when parameters of functional forms are simply selected to fit a single empirical observation.
Referring to criterion (iii), models may be distinguished between micro-/macro-founded approaches and simple accounting frameworks.
While such a taxonomy of models can be useful, it has its limits. For example, the common dichotomy between top-down economy-wide models and bottom-up sectoral models is in general not of theoretical nature (i.e. due to controversial theoretical underpinnings) but simply relate to the level of aggregation and the scope of ceteris paribus assumptions. In fact, there have been various model developments merging bottom-up approaches and top-down models within one consistent framework (see, e.g., Böhringer, 1998) . Furthermore, among top-down models there is often an exaggerated divide between econometric demand-driven Keynesian models and computable general equilibrium (CGE) models. Popular arguments against the informational value of CGE models include that these models must be calibrated (and thus lack empirical evidence) and can neither reflect disequilibria (such as unemployment or under-utilization of production capacities) nor transitional dynamics. In turn, econometric Keynesian models are often accused of a lack of micro-foundation. These claims ignore substantial developments during the last two decades to overcome such policy-relevant shortcomings.
In general, there is no specific model, which fits all requirements for comprehensive SIA, but rather a package of models (or methods) depending on the policy measure or issue to be assessed and the availability of data. However, when it comes to providing a flexible backbone tool for SIA, the current paper tries to make a good case for the use of CGE models (see also Böhringer, forthcoming). We argue that CGE models can incorporate several key sustainability (meta-) indicators in a single micro-consistent framework, thereby allowing for a systematic quantitative trade-off analysis between environmental quality, economic performance and income distribution. Furthermore, the CGE approach provides an open framework for linkages to sector-specific models, important relationships to other disciplines adopting an integrated assessment approach or the incorporation of new economic research strings. This flexibility makes CGE models a central tool for SIA. (Tamborra, 2002) . Quantitative analysis -if available at all -can at best strengthen or weaken policy arguments, putting decision making on a more informed basis. themes and 38 sub-themes (see Table 1 ) for monitoring the progress towards SD was released (UN, 2001).
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THE CGE BACK-BONE TO (SUSTAINABLE) IMPACT ANALYSIS
Among numerical methods, computable general equilibrium (CGE) models are widely employed by various national and international organizations (EU Commission, IMF, World Bank, OECD, etc.), research centers, and universities for economic policy analysis at the sector-level as well as the economy-wide level. CGE models build upon general equilibrium theory that combines behavioral assumptions on rational economic agents with the analysis of equilibrium conditions.
They provide counterfactual (ex-ante) comparisons, assessing the outcomes with reform in place with what would have happened had it not been undertaken (or undertaken in a different way).
The main virtue of the CGE approach is its comprehensive micro-consistent representation of price-dependent market interactions. The simultaneous explanation of the origin and spending of the agents' income makes it possible to address both economy-wide efficiency as well as distributional impacts of policy interference. This has made CGE models a standard tool for the quantitative analysis of policy interference in many domains including fiscal policy, trade policy, and environmental policy. For survey articles see e.g. Bhattacharyya (1996) , Bergman (1990) , Borges (1986) , Conrad (1999 Conrad ( , 2001 , Klepper et al. (1994) and Shoven and Whalley (1992) .
In section 3.1, we lay out the generic structure of a multi-sector, multi-region CGE framework of global trade and energy use. We consider a multi-region framework as indispensable for SIA of major policy initiatives in a world that is increasingly integrated through trade. Policy interference in open economies not only cause adjustment of domestic production and consumption patterns but also influence international prices via changes in exports and imports. The changes in international prices, i.e. the terms of trade, imply a secondary benefit or burden, which can significantly alter the impacts of the primary domestic policy. Likewise, countries, which do not undertake policy reforms will nevertheless be affected through international spillovers. In addition to the consistent representation of trade links, the detailed representation of energy flows captures a major segment of the environmental SD dimension, i.e. energy usage and air quality. Combustion of fossil fuels is a driving force of global warming through the release of CO 2 and cause serious regional and transboundary pollution through emissions/imissions of SO x and NO x . The comprehensive scope of multi-region, multi-sector CGE models explains why such models play a dominant role in the assessment of trade policy impacts (see e.g. Lee and Kirckpatrick, 2001; Francois and Reinert, 1997) and climate policy analysis (see e.g. Böhringer and Löschel, 2002) . In section 3.2, we sketch the central steps involved in applied CGE analysis that readily transfer to SIA of policy reforms and address the issue of model parameterization. Depending on data availability, the economy can be disaggregated into as many as several hundred producing sectors (see, e.g., U.S. Department of Commerce, 1993) . Our core CGE model focuses on traditional economic performance indicators (CSD 1, 3, 6, 7, 9; EC I-III, XIII) and environmental impacts in terms of emissions from fossil fuel combustion, most notably CO 2 (CSD 15; EC XII). The analytical chain from instruments to impacts on SD indicators can be illustrated for the imposition of carbon taxes. Carbon (or energy) taxes raise marginal costs of production due to abatement expenditure and tax payments, which leads to higher market prices. The higher domestic price attracts imports and lowers exports of energy-intensive goods (CSD 3). Firms substitute labor, material and capital for the taxed energy input for keeping adjustment costs low. Consumers reduce their consumption of energy alike. The reduced energy consumption (CSD 7, 9; EC XIII) and fossil fuel use results in reductions in CO 2 emissions, the main greenhouse gas (CSD 15; EC XII).
The Core Model
Labor demand benefits from the positive substitution effect (CSD 36; EC II, III). Material use (CSD 6) also tends to increase. However, there is also a negative output effect due to increased prices and reduced domestic production (CSD 1; EC I) that results from the new distortions in intermediate and final consumption.
The central steps involved in constructing and using CGE models for policy impact analysis are summarized in Figure 2 . Initially, the policy issue must be carefully studied to decide on the appropriate model design as well as the required data. The second step involves the use of economic theory (at best, the draft of a simple analytical maquette model) in order to lay out key economic mechanisms that may drive the results in the more complex numerical model (causal chain). Data work, model formulation and implementation then delivers the framework for numerical policy analysis. This step also involves the set-up of alternative policy instruments and strategies that induce changes vis-à-vis the reference situation (scenario definition). In determining results of policy simulations, the choice and parameterization of functional forms are crucial. The procedure most commonly used to select parameter values is known as calibration (see Mansur and Whalley, 1984) . Calibration of the free parameters of functional forms requires a consistent one year's data (or a single observation represented as an average over a number of years), together with exogenous elasticities that are usually taken from literature surveys. Benchmark data is typically delivered in value terms. In order to obtain separate price and quantity observations, the common convenient procedure is to choose units for goods and factors so that they have a price of unity in the benchmark equilibrium. The calibration is a deterministic procedure and does not allow for statistical test of the model specification. The one consistency check that must necessarily hold before one can proceed with policy analysis is the replication of the initial benchmark: the calibrated model must be capable of generating the base-year (Böhringer, 1996) Data:
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CORE MODEL EXTENSIONS
Our core model covers only a few indicators for SIA (see column "core" in Tables 1 and 2 ). In this section, we illustrate some extensions of the core model that widen its scope and policy relevance with respect to SIA. There are various other developments of the CGE methodology targeted to specific aspects for SIA that are not covered here.
As to environmental impacts, our core model focuses on carbon dioxide from fossil 
Air (CSD 15-17; EC XII)
In our core model carbon emissions are directly linked to fossil fuel inputs in production or consumption. Carbon emission abatement can take place either through reduction of good output or substitution of non-polluting inputs for polluting inputs (fuel switching and fuel savings). However, other GHG emissions, ozone depleting substances or air pollutants cannot be directly linked in fixed proportions to input or output activities in economic sectors.
Approaches to endogenize non-CO 2 pollution control in CGE models include: (i) the creation of clean-up sectors ("end-of-pipe" abatement actitivies) separately from the technology associated with the production of the good output that use capital, labor and other inputs to provide abatement services which are demanded by emitting sectors as an additional input (Conrad and Schröder, 1991) and (ii) modeling the GHG directly as an input into production. To introduce GHG control, the production function is parameterized in consistence with technological based marginal abatement cost curves of control options (Hyman et al., 2003) .
Initial Taxes and Revenue Recycling
It is well known that the way revenues from environmental regulation (e.g. emission taxes or auctioned tradable permits) are used has major impacts on the social costs of the environmental policies (see, e.g., Goulder, 1995) . When revenues are employed to reduce existing tax distortions, environmental regulation presents an opportunity to simultaneously improve environmental quality and offset at least part of the adjustment burden by reducing the costs of the tax system. In our core model, revenues are recycled lump-sum to the representative agent in each region and initial tax distortions are not explicitly considered. It is straightforward to incorporate a governmental sector that collects taxes (e.g. production taxes or subsidies, intermediate input taxes, consumption taxes, tariffs, which are used to finance the public good provision and public transfers. Additional income from environmental taxes or emission levies such as carbon taxes on industrial and final fossil fuel use may then be used within a revenue-neutral (equal-yield) tax reform (see e.g. Goulder 1995 , Böhringer et al., 1997 .
Imperfect Competition on Factor and Goods Markets
Involutary unemployment (CSD 36; EC III, IV) Persistent unemployment at high levels is a central impediment to SD in many countries.
Thus, a major requirement to new policy initiatives is that unemployment problems will at least not be worsened. A convenient shortcut to replace the competitive labor market in our core model is the specification of a "wage curve" (Blanchflower and Oswald, 1994) . The wage curve reflects empirical evidence on the inverse relationship between the level of wages and the rate of unemployment. In such a model, the wage curve, together with labor demand, determines the level of involuntary unemployment (see, e.g., Böhringer et al., 2003a) .
Imperfectly competitive goods markets
The core model is based on perfectly competitive goods markets. However, there is a widespread suspicion that such a setting misses important industrial organization effects of policy interference such as changes in economies of scale or price mark-ups. In order to account for these effects, the core model can be extended to feature imperfectly competitive supply behavior and increasing returns to scale (see Böhringer and Löschel, forthcoming) .
Relaxing the assumption of perfect competition, allocation effects emerge from increased competition and the exploitation of scale economies (so-called pro-competitive effects):
Market enlargement increases competition between firms that enforces lower prices. It can also lead to higher production and the use of economies of scale. Increased competition from the greater substitutability of products within the enlarged market is another source for rationalization gains under imperfect competition.
Dynamic Specification (CSD 2)
Key issues in SD policy involve interference over longer time periods. Examples include GHG abatement strategies to cope with global warming or direct regulation of energy technologies such as an administered phase-out of nuclear power or a phase-in of renewable energies. A dynamic framework is essential to capture the adjustment path of physical and human capital stocks for such exogenous policy changes. Furthermore, it allows to address issues of resource depletion, stock pollution and economic growth which are central to the SD debate. On the consumption side, dynamics involve the representation of the savings behavior of households. On the production side, dynamics involve the description of investment decisions (including resource exploration and extraction strategies) of firms. There are two basic approaches to handle dynamics: (i) the dynamic-recursive framework based on myopic expectations, and (ii) the fully intertemporal setting with perfect foresight. Following the intertemporal approach the static model is casted into an intertemporal setting where consumption and investment decisions are based on rational expectations of future prices (Lau et al., 2002) . This assures that the effects of policy interference on savings and investments are consistently taken into account. The intertemporal framework reveals effects of policy changes on intertemporal consumption and investment (savings) decisions, permits measurement of transition costs (inter-sectoral adjustments) and rates of resource depletion as well as long-term growth effects, which can be significant relative to long-term gains.
Technological Change (CSD 2, 8, 57; EC V-VII)
For the measurement of sustainability, an appropriate incorporation of technological change may be of paramount importance (see EMF, 1996) . In our core model (as in most existing CGE models), technological change is considered to be a non-economic, exogenous variable. Economic activities and policies have then no impact on research, development, and diffusion of new technologies. Changes in technologies are solely the result of price substitution along a given production isoquant (described by price elasticities) and shifts of the isoquant through changes in factor demand. Existing technologies are gradually replaced in CGE models as relative prices of alternative technologies change.
Only more recently, CGE models took into account the empirical evidence that technological change is to an important degree endogenous, i.e. responding to socio-economic (policy) variables like prices, investment in R&D, or cumulative production (see Löschel, 2002 for an overview). As, e.g., environmental policy implicitly or explicitly increases the price of energy, firms invest in R&D with the intention of producing profitable new (energy efficient) products and processes. Goulder and Schneider (1999) construct a dynamic CGE model in which firms in each sector employ physical capital and knowledge capital to produce output. Knowledge accumulation (expenditure on R&D activities) reduces the input requirements for the industries. But the accumulation of knowledge is costly. In addition, the investment in R&D may provide spillovers, or positive technological externalities. In the same manner, spillovers from, e.g., IT expenditures could be modeled.
Equity (CSD 34-37; EC III, IV, IX-XI)
As mentioned before, the quantification of social aspects in CGE models featuring a single representative household per region is limited. To assess the distributional impacts of policies, a disaggregation of the household sector into several types of households is required. Jorgenson and Wilcoxen (1993) 
FURTHER EXTENSIONS: MODEL LINKAGES
Inherently, the strength of rather aggregate, economy-wide CGE models in capturing sustainability effects of policy initiatives at the level of different regions, sectors and households cause deficiencies when it comes to more narrow specific or small-scale impact assessment. There are many complementary quantitative models that feature substantially more details of technological conditions (e.g. engineering bottom-up energy system models), socio-economic household behaviour (e.g. micro-simulation models) or natural science relationships (e.g. climate models, water stress models, land-use models).
This raises the question to which extent and in which manner different models can be linked towards a more comprehensive coverage of SIA requirements. In principle, there are two basic approaches for model linkages which are loosely termed as soft-link vis-à-vis hardlink (see, e.g., Böhringer 1996) . Roughly speaking, the soft-link approach involves combination of two or more models that have been developed independently from another and can be run stand-alone. Due to the heterogeneity in complexity and accounting methods across different models, the soft-link approach stands out for substantial problems in achieving overall consistency and convergence of iterative solution approaches. On the other hand, it allows to maintain detailed information embodied within the various (often interdisciplinary) models without requiring comprehensive central expertise. Furthermore, linkages can be based on established models rather than requiring modeling work from scratch. These rather pragmatic advantages may outweigh to some degree pending deficiencies in overall consistency. The hard-link approach puts strong emphasis on internal consistency and therefore makes use of a single integrated modeling framework (e.g. our core CGE model presented in section 3). Information from other models are directly "coded" into the core model. This means that data and functional relationships from other models must be condensed and synthesized in a way compatible to the structure of the core model.
In modeling practise, most examples of soft-links between top-down CGE models and bottom-up approaches refer to energy-economy model systems (see, e.g., Bergman and Lundgren, 1990) . There are various large-scale detailed sectoral models for energy (CSD 7-9; EC XIII) and transport (CSD 14; EC XIV) that may be soft-linked to CGE models to cover a wider range of sustainability indicators such as PRIMES (EC, 1995) and POLES (EC, 1996 ), or TREMOVE (van Herbruggen, 2002 links where biophysical variables (such as air quality) affect consumer welfare, labor productivity or capital depreciation include Nordhaus (1994) and Vennemo (1997) .
Hard linkages stand out for the direct integration of bottom-up information within topdown (CGE) models. As illustrated initially by Böhringer (1998) in a static stylized CGE model, the bottom-up representation of certain segments within the top-down model is straightforward. In practical application to energy regulation (e.g. Böhringer et al., 2003b and 2003c) , the bottom-up representation of major power supply options enhances the transparency and "credibility" of simulated technological responses in electricity production that are triggered by specific nuclear phase-out policies. A similar procedure has been employed in the development of CGE models for integrated assessment of the costs and benefits from climate change policies: Complex relationships in the climate system have first been simplified through appropriate aggregation, i.e. reduced forms of more elaborated climate models (Nordhaus and Yang, 1996; Nordhaus and Boyer, 2000) .
Bottom-up indicators may also be directly incorporated into multi-sector, multi-region example is the representation of complex abatement options for non-CO 2 greenhouse gases which are not modeled in detail. Instead, exogenous marginal abatement cost curves for non-CO 2 greenhouse gases based on sophisticated bottom-up analysis are employed (Hayhoe et al., 1999; Reilly et al., 1999) . Faehn and Holmøy (2003) link consumption of material goods to solid waste generation for deposition (CSD 10-11). Xie and Saltzman (2000) use an environmentally extended social accounting matrix to identify three general types of pollution (waste water, smog dust, and solid waste) and include the respective pollution-abatement sectors (CSD 10, 13). Strutt and Anderson (2000) use a comprehensive environmental inputoutput data set complemented by case studies to project anticipated changes in technology in order to assemble a matrix of environmental coefficients over time. Based on these coefficients they estimate the environmental impact per unit of economic activity in each sector and project environmental outcomes for water use (CSD 28), water pollution (CSD 29) and air pollution (CSD 15-16; EC XII). The water pollution content of the effluent is provided by four measures: biological oxygen demand, chemical oxygen demand, dissolved solids, and suspended solids. Berck et al. (1991) provide an overview of the use of CGE models to assess water regulation which becomes an increasingly important policy issue in drier regions. A major modeling challenge concerns the appropriate representation of water supply and demand (Hertel, 1999) . Decaluwe et al. (1997) Complementary model information that can be hard-linked to CGE models may substantially improve the applicability of the CGE approach for problem-tailored SIA in various policy fields such as land use, desertificiation, agriculture or water management.
Difficulties might arise in the reconciliation of top-down and bottom-up data stemming from different data sources. Due to different accounting methods (e.g., different depreciation rules) substantial data adjustments may be necessary before a consistent data base for the hardlinked model is available.
The objective of a sustainable future needs a comprehensive methodology to perform SIA
quantitatively. An issue that can not be clearly measured will be difficult to improve. In this paper, we tried to sustain the view that CGE models can serve as a useful tools for assessing the impacts of policy interference on environmental quality, economic performance and equity. CGE models can incorporate various important SD indicators in a single consistent framework and allow for a systematic quantitative tradeoff analysis.
